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INTRODUCTION 
 

Exercise is evolving as an effective therapeutic measure for both general health and brain 
health.  It has been established that exercise and a healthy lifestyle can reduce the risk of diseases 
such as diabetes mellitus and atherosclerosis (Petersen and Pedersen 2005).  In the past decade, 
overwhelming research has shown that exercise can improve learning and memory, delay age-
related cognitive decline and reduce risk of neurodegeneration (Cotman, Berchtold et al. 2007).  
Animal research has demonstrated that physical activity increases neuronal survival, promotes 
brain angiogenesis, stimulates neurogenesis and reduces injury following brain insult (Cotman, 
Berchtold et al. 2007; Ding, Mrizek et al. 2006; van Praag 2008; Carro, Trejo et al. 2001; 
Nickerson, Elphick et al. 2005).  Human research has shown that exercise can reduce the risk of 
cognitive impairment, depression, Alzheimer’s disease and other forms of dementia (Cotman, 
Berchtold et al. 2007).  The methods by which exercise achieves these goals are complex and not 
yet completely understood, but research shows that exercise-induced effects on the inflammatory 
cascade may contribute. 

 
Inflammation is a key defense mechanism in response to stress, injury or infection and 

involves a complex interplay between mediators such as cytokines, growth factors and reactive 
oxygen species.  While inflammation is intended to promote recovery from the initial insult, the 
process can damage bystander neurons and thus worsen the original injury if not appropriately 
regulated.  Thus, inflammation can be both neuroprotective and neurotoxic.  Inflammation in the 
brain is unique from that in the periphery because of the protection afforded by the blood-brain 
barrier (BBB), which only allows certain molecules and cells to enter and exit (Morganti-
Kossmann, Rancan et al. 2002; Whitney, Eidem et al. 2009).  After a brain injury, activated 
microglia, astrocytes, macrophages and lymphocytes release pro-inflammatory cytokines such as 
interleukin-1β and tumor necrosis factor alpha that induce the subsequent inflammatory cascade.  
These pro-inflammatory cytokines are responsible for weakening the BBB so that effector cells 
from the periphery can enter the CNS.  Anti-inflammatory interleukins such as interleukin-10 are 
expressed as well to regulate the process.  The inflammation cascade consists of additional 
cytokines, growth factors and reactive oxygen species that serve to clear dead or damaged cells 
and return the area to a normal state (Whitney, Eidem et al. 2009).   The inflammatory process is 
paramount in determining the degree of tissue destruction and functional impairment after an 
insult.  This review will focus on the effects of exercise on several mediators involved in the 
inflammatory cascade.   
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DISCUSSION 
 

IL-1β 
Interleukin-1β (IL-1β) is a pro-inflammatory cytokine and a principle mediator of the 

inflammatory response.  Secreted mainly by activated macrophages, the IL-1 family consists of 
two ligands, IL-α and IL-β, but the IL-1β ligand is more potent in brain inflammation and will be 
reviewed here (Tsakiri, Kimber et al. 2008).  IL-1β increases with ischemia, traumatic brain 
injury and neurodegenerative processes such as Alzheimer’s disease (Wang and Schuaib 2002; 
Nichol, Poon et al. 2008).  The negative effects of IL-1β are diverse and include fever, anorexia, 
increased adrenocorticotrophic hormone (ACTH) and cortisol production, system hypotension, 
and stimulation of IL-6 and IL-8 (Sharma, Mishra et al. 2007; Smith, Anwar et al. 2000). IL-1β 
also induces leukocyte adhesion and subsequent tissue infiltration via up-regulation of adhesion 
molecules ICAM-1 and VCAM-1 (Krakauer 1995).  While IL-1β can be detrimental during 
inflammation by causing microvascular injury and contributing to cerebral edema, it may aid 
recovery by promoting angiogenesis and activating astrocytes to re-establish homeostasis (Wang, 
Olschowka et al. 1997).   

 
The effects of exercise on IL-1β levels are varied in the literature.   Twelve weeks of 

aerobic training in humans with coronary artery disease resulted in decreased plasma levels of 
IL-1β (White and Castellano 2008).   High-intensity eccentric muscle exercises in healthy male 
subjects decreased IL-1β plasma concentrations lasting up to 144h (Smith, Anwar et al. 2000).  
Nichol et al studied the effects of exercise on Tg2576 mice, which are bred to manifest 
Alzheimer’s disease (AD) (Nichol, Poon et al. 2008).  Sedentary mice controls were found to 
have elevated levels of hippocampal IL-1β, which was expected since IL-1β is elevated in AD.   
Tg2576 mice with access to running wheels for 3 weeks, however, had decreased levels of 
hippocampal IL-1β not significantly different from wild-type controls.  Since elevated levels of 
IL-1β in the hippocampus correlate with decreased performance in spatial navigation and 
declarative memory (Oitzl, van Oers et al. 1993; Nichol, Poon et al. 2008), these findings may 
suggest a beneficial effect of exercise on the cognitive functions of AD patients.    

 
Several studies have shown no effect of exercise on IL-1β plasma concentrations.  

Natelson et al studied 7 men after a maximal treadmill stress test and found no difference 
between pre- and post-exercise plasma levels of IL-1β (Natelson, Zhou et al. 1996).  Mice 
exercised for 60 minutes or 3 hours on a treadmill before sacrifice showed no change in plasma 
or brain concentrations of IL-1β (Colbert, Davis et al. 2001).  Mice progressively trained for 7 
weeks demonstrated stable plasma IL-1β but decreased hippocampal levels (Chennaoui, Drogou 
et al. 2008).   It may be that prolonged exercise is necessary to decrease tissue levels of IL-1β. 

 
While the above studies revealed decreased or stable IL-1β levels, other studies report 

increased levels after exercise.  In a study of humans cycling for 3 periods of 6 minutes each 
(55%, 70% and 85% VO2 max, respectively),plasma IL-1β was found to be increased as early as 
6 minutes after exercising regardless of fitness level and returned to baseline after 2 hours of 
recovery (Moyna, Acker et al. 1996).  A study of horses subjected to treadmill running until 
fatigued had increased leukocyte expression of IL-1β mRNA that persisted for at least two hours 
(Donovan, Jackson et al. 2007).   
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The controversy in the literature may result from several factors including the model 
used, the duration and intensity of exercise, and the measurement techniques.  The above studies 
were performed in a variety of test models, with inflammatory mechanisms that may respond 
differently to exercise.  It may be that acute exercise of certain duration and intensity causes a 
mild endotoxemia that acutely increases IL-1β (Donovan, Jackson et al. 2007) but chronic 
exercise causes the body to become sensitized to the stress of exercise and produce less.  
Exercised rats (voluntary running wheels for 6 weeks) sacrificed after an intraperitoneal injection 
of lipopolysaccharide had a greater and more rapid up-regulation of central IL-1β after 30 
minutes, less endotoxin and faster clearance of E coli versus the sedentary controls (Nickerson, 
Elphick et al. 2005).  Additionally, circulating IL-1β peaked in sedentary animals 6 h after the E 
coli challenge but was not elevated in exercised animals.  The increase in central IL-1β and the 
rapid clearance of toxin suggest that exercise-induced-sensitization has beneficial effects after 
injury (Nickerson, Elphick et al. 2005).  A study by Mussi et al examined the effect of exercise 
on pulmonary ischemia-reperfusion injury in rats, and found that exercise preconditioning on a 
treadmill resulted in reduced serum IL-1β and attenuated protein extravasation in lung tissue 
versus non-exercised controls (Mussi, Camargo et al. 2008) during reperfusion.  Thus, exercise 
may produce a low level of chronic inflammation that leads to more efficient response to injury.   

 
The ability to accurately measure protein concentrations in plasma depends on the 

amount of cytokine unbound and the protocol used to measure.  Additionally, cytokines are 
rapidly cleared from the circulation, so timing differences after exercise may affect outcomes 
(Smith, McKune et al. 2007).  These issues exist for all inflammatory mediators discussed in this 
review and must be considered when interpreting study results.  IL-1β is known to accumulate 
intra-cellularly before the release stimulus is received, so if exercise caused an intracellular 
accumulation of IL-1β, plasma levels would be misleading (Smith, McKune et al. 2007).   
 
TNF-α 

Tumor necrosis factor alpha (TNF-α) is a pro-inflammatory cytokine that increases after 
injury and can lead to neuronal death (Goodman, Robertson et al. 1990).  TNF-α is produced by 
activated astrocytes and microglia and is associated with a variety of downstream signaling 
cascades (Ang and Gomez-Pinilla 2007).  Like IL-1β, TNF-α up-regulates the expression of 
adhesion molecules such as ICAM-1, thereby promoting leukocyte adhesion to endothelial cells 
and increased capillary permeability (Barone, Arvin et al. 1997; Ozenci, Kouwenhoven et al. 
2002).  Rapid elevations of TNF-α after ischemic brain injury are associated with greater lesion 
volume and poor neurological and functional outcomes (Fassbender, Rossol et al. 1994; Barone, 
Arvin et al. 1997; Ding, Young et al. 2005 ).     
  

Several studies have shown an increase in TNF-α with exercise.  Adult rats exercised on 
a treadmill for 3 weeks had gradually rising, significant increases in frontoparietal cortex and 
dorsolateral neostriatum TNF-α mRNA and protein (Ding, Li et al. 2006; Ding, Young et al. 
2005).  After transient ischemia, exercised rats had reduced infarct volume and a significant 
reduction in brain edema suggesting improved cerebrovascular integrity (Ding, Li et al. 2006).  
TNF-α levels did not increase further after the ischemic event in exercised rats, whereas a spike 
was observed in non-exercised controls (Ding, Young et al. 2005).  The TNF-α spike was 
associated with an increase in ICAM-1, whereas ICAM-1 levels in exercised animals remained 
significantly lower during reperfusion thereby decreasing leukocyte infiltration and reducing 
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infarct volume (Ding, Young et al. 2005).  Furthermore, brain damage in exercised ischemic rats 
was limited to the ischemic core, whereas non-exercised ischemic rats had extensive infarcted 
areas (Ding, Young et al. 2005).   Similar results were seen in exercised rats pretreated with 
gradually increasing TNF-α doses, suggesting that the gradual increase in TNF-α seen with 
exercise is neuroprotective after ischemic brain injury (Ding, Li et al. 2006).  Guo et al also 
studied TNF-α levels after exercise and transient ischemia (Guo, Lin et al. 2008).  Adult male 
rats subjected to treadmill running for 3 weeks before a transient ischemic event had increased 
TNF-α, increased collagen IV, and decreased matrix metalloproteinase-9 levels correlating with 
decreased infarct volume, brain edema, and Evans blue extravasation across the BBB.  All of 
these effects were blocked by TNF-α inhibitors.  Thus, the gradual increase of TNF-α with 
exercise seems to reduce brain injury after ischemia and reperfusion via multiple mechanisms. 
  

Generally, single bouts of exercise have not been shown to change plasma or tissue TNF-
α levels.  Romeo et al studied 22 young males after a single bout of intense exercise and 
observed no change in plasma TNF-α (Romeo, Jimenez-Pavon et al. 2008).  Colbert et al studied 
plasma and brain samples of mice after moderate and fatiguing exercise on treadmills and found 
no significant increase in TNF-α in either group (Colbert, Davis et al. 2001).  Dalsgaard et al 
examined arterial-venous ratios of TNF-α across the brain after strenuous arm and leg exercises 
in humans, and found no difference in TNF-α levels (Dalsgaard, Ott et al. 2004).   

 
These studies support the theory that TNF-α rises gradually with chronic exercise, and 

that the gradual rise is able to protect the brain from further injury such as ischemia.  It is unclear 
what duration and intensity of exercise is required to induce the increase or how long the TNF-α 
remains elevated once exercise ceases.  It is also unknown whether the body eventually adapts to 
one form of exercise and TNF-α levels decrease again.   Stroke is the third leading cause of death 
in the USA and many survivors are left with physical and mental disabilities (Ding, Mrizek et al. 
2006).  The fact that exercising before ischemia can decrease infarct volume in rodents may have 
important and exciting implications for humans and their functional outcomes after stroke. 
 
IL-6 

Interleukin-6 (IL-6) is a pleiotropic cytokine with both pro- and anti-inflammatory 
properties (Nybo, Nielsen et al. 2002; Ozenci, Kouwenhoven et al. 2002).  IL-6 is normally low 
in the CNS but increases during brain injury, hypoxia and certain diseases (Nybo, Nielsen et al. 
2002; Van Wagoner and Benveniste 1999).  The predominant CNS source of IL-6 is the 
activated astrocyte and the peripheral source is contracting skeletal muscle (Nybo, Nielsen et al. 
2002; Van Wagoner and Benveniste 1999).   Centrally, there is evidence of IL-6 promoting 
neuronal survival, protection and differentiation (Van Wagoner and Benveniste 1999).  However, 
over-expression contributes to an increased production of central inflammatory cytokines and 
astrocyte proliferation, which leads to reactive gliosis found in white matter diseases (Van 
Wagoner and Benveniste 1999).  Peripherally, IL-6 increases insulin-stimulated glucose disposal 
and fatty acid oxidation in humans (Nielsen and Pedersen 2007). 
  

There is controversy in the literature regarding the effects of exercise on IL-6 
concentrations both in brain tissue and plasma.  Castaneda et al found a reduction in resting 
plasma IL6 in patients with kidney disease after 12 weeks of resistance training (Castaneda, 
Gordon et al. 2004).  Goldhammer et al found that 12 weeks of aerobic training in coronary 
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artery disease patients reduced resting plasma IL6 (Goldhammer , Tanchilevitch et al. 2005).  
Colbert et al studied IL6 plasma and tissue concentrations in mice after either 60 minutes or 3 
hours of running on a treadmill (Colbert, Davis et al. 2001).  IL6 was increased in the plasma of 
mice run for 3 hours, but was undetectable in plasma and brain tissue of controls and mice run 
for only 60 minutes.   Nybo studied human subjects exercised on a cycle ergometer (50% 
VO2max) and saw no net release or uptake of IL6 in the brain at rest or after 15 minutes of 
exercise, but observed a small release after 60 minutes of exercise that returned to baseline 
during rest (Nybo, Nielsen et al. 2002).  After 60 min of rest, a second bout of cycling resulted in 
a 5-fold increase in IL-6 release from the brain.  There was an increase in arterial IL-6 during 
both the first and second bouts of exercise.    

 
Another study looked at the arterial-venous ratio and the cerebrospinal fluid (CSF) levels 

of IL6 in humans subjected to arm and leg exercises until exhaustion (Dalsgaard, Ott et al. 2004).  
Blood samples drawn at rest, at exhaustion, and 30 minutes into recovery showed an increase in 
arterial concentration of IL-6 but no difference in the a-v ratio, suggesting no release or uptake 
by the brain.  The IL-6 concentration in CSF did not change compared to resting controls.   Thus, 
it appears that acute exercise of appropriate duration and intensity increases plasma IL-6 
concentrations but chronic exercise leads to reduced levels.   

 
Nybo’s study suggests that increased duration of exercise is required to observe CNS 

release of IL6.  Steensberg et al also looked at the effects of exercise on plasma and CSF IL6 in 
humans and found that 2 h of strenuous exercise on a cycle ergometer (60% VO2 max) increased 
plasma IL6 18 fold but did not affect CSF concentrations (Steensberg, Dalsgaard et al. 2006).  
Banks et al studied the transport of IL6 across the BBB in mice and found that, while the BBB 
contains bidirectional IL6 transport molecules, only 0.2% of radio-labeled IL6 entered the CSF 
after IV injection (Banks, Kastin et al. 1994).   However, neurons in the median eminence and 
circumventricular organs in the hypothalamus do not contain a BBB, so plasma concentrations of 
IL-6 may directly affect these brain areas (Steensberg, Dalsgaard et al. 2006).   Additionally, 
plasma IL-6 levels above 40 pg/mL in humans stimulate the production of corticotropin releasing 
hormone, growth hormone, and prolactin ( Robson-Ansley, de Milander et al. 2004), indicating 
that elevations in plasma IL-6 still affect central functions.  Plasma levels of IL-6 above 40 
pg/mL are seen in humans during infection or prolonged strenuous exercise such as marathon 
running (Febbraio and Pedersen 2002).   
  

Overall, plasma IL6 concentrations appear to rise acutely with appropriate duration and 
intensity of exercise then return to baseline.  Chronic exercise appears to result in decreased IL6 
plasma concentrations.  Because IL6 is believed to originate from contracting skeletal muscle, it 
is logical that levels would increase acutely with intense exercise.  Peripherally, it is thought that 
low glycogen content in contracting skeletal muscle is the stimulus for IL6 production (Nybo, 
Moller et al. 2003) which in turn leads to hepatic glycogenolysis and glucose release.  Glucose 
ingestion during exercise attenuates the release of IL6 from muscles, further supporting this 
theory (Secher, Seifert et al. 2008).  Therefore, it may be that chronic exercise leads to skeletal 
muscle conditioning and changes in glucose homeostasis that decrease the need for IL6.   

 
If the stimulus for muscle production of IL6 is hypoglycemia, it is tempting to think that 

may be the same stimulus for central production since the human brain consumes carbohydrates 
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out of proportion to oxygen during and following exercise (Dalsgaard, Ott et al. 2004).  
However, IL6 release from the brain was recently demonstrated to diminish during prolonged 
exercise with hypoglycemia compared to prolonged exercise with glucose supplementation, 
suggesting that factors other than glucose metabolism are involved in CNS release of IL6 (Nybo, 
Moller et al. 2003). Also, given the vastly reduced concentration of central versus peripheral IL6, 
it may be that central IL6 has a biological function other than glucose homeostasis (Nybo, Moller 
et al. 2003).  Wallenius et al studied the effects of intracerebroventricular IL6 injection into the 
lateral ventricle of rats, and found that the injection led to increased basal oxygen consumption 
for 3 hours (Wallenius, Wallenius et al. 2002).  Thus, it may be that central IL6 levels are 
involved in oxygen rather than glucose homeostasis.  At this time the stimulus and role of 
exercise-induce central IL-6 remains speculative.   
 
IL-10 

Interleukin-10 (IL-10) is a primary anti-inflammatory cytokine that is up-regulated in 
over a dozen central and peripheral diseases and disorders (Vitkovic, Maeda et al. 2001).  IL-10 
promotes neuronal survival and limits inflammation by reducing the synthesis of pro-
inflammatory cytokines, suppressing cytokine receptor expression, and inhibiting receptor 
activation (Strle, Zhou et al. 2001).  Produced by a subset of T helper cells (Th2), mast cells and 
macrophages, IL-10 also inhibits adhesion of leukocytes to endothelium by counteracting the 
effect of IL-1β on adhesion molecules (Krakauer 1995).   
  

Catecholamines and glucocorticoids released during exercise stimulate the production of 
IL-10 in a response generally observed to be proportional to exercise intensity (White and 
Castellano 2008; Peake, Suzuki et al. 2005).  Smith et al studied healthy males performing 
eccentric exercises and found an increase in IL-10 lasting at least 144 h after exercise completion 
(Smith, Anwar et al. 2000).  In a separate study, male subjects had a 95% increase in serum IL-
10 after downhill running (Smith, McKune et al. 2007).  Peake et al examined the intensity of 
exercise required to produce an increase in IL-10, and found that high-intensity running on a 
treadmill resulted in increased levels but moderate-intensity and downhill running did not 
(Peake, Suzuki et al. 2005).  Notably, the subjects in Smith’s downhill run study were untrained 
subjects at a -13.5% grade for 60 min, whereas the subjects in Peake’s study were trained 
athletes run at a -10% grade for 45 min.  Nieman et al studied 12 athletes after 2h of intensive 
cycling and found IL-10 gene expression to be increased in blood leukocytes (Nieman, Henson 
et al. 2006).  Marathon runners also exhibit elevated IL-10 levels for up to 1.5 h after the race, 
regardless of age or gender (Nieman, Henson et al. 2001).  Cadet et al subjected patients 
suffering from Parkinson’s Disease to a month of cyclic exercises and observed an increase in 
plasma IL-10 (Cadet, Zhu et al. 2003).  While these studies give a fairly consistent view of 
increased peripheral IL-10 levels after exercise, little is known about CNS levels.  Further 
research is necessary to evaluate the effects of exercise on central IL-10 concentrations and the 
interplay between IL-10 and the pro-inflammatory cytokines involved in the inflammatory 
cascade.  
 
BDNF 
 Brain-derived neurotrophic factor (BDNF) is one of the most versatile and important 
neurotrophic factors in the brain (Radak, Kumagai et al. 2007).  Abundant evidence exists that 
BDNF is essential for hippocampal function, synaptic plasticity, learning and neurogenesis 
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(Cotman, Berchtold et al. 2007; van Praag 2008; Mattson, Maudsley et al. 2004).  Mice deficient 
in BDNF have severely impaired long term potentiation and deficits in hippocampal-dependent 
learning, whereas restoring BDNF to these mice reverses the findings (Berchtold, Chinn et al. 
2005).  BDNF interacts with the inflammatory cascade in that BDNF signaling is impaired by 
pro-inflammatory cytokines, and BDNF infused directly into brain tissue after ischemia 
decreases infarct size (Ding, Vaynman et al. 2006; Cotman, Berchtold et al. 2007).   BDNF also 
increases the activity of free radical scavengers and can therefore protect neurons against free 
radical damage (Ang and Gomez-Pinilla 2007).   

 
Exercise increases BDNF mRNA and protein concentrations in the brain (Mattson, 

Maudsley et al. 2004; Neeper, Gomez-Pinilla et al. 2006; Berchtold, Chinn et al. 2005; Cotman 
and Berchtold 2002; Hicks, Boggs et al. 1998; Griesbach, Hovda et al. 2008; Adlard and Cotman 
2004; Cechetti, Fochesatto et al. 2008; Radak, Toldy et al. 2006; Will, Galani et al. 2004).  Rats 
with voluntary access to running wheels for 2-7 days showed significantly elevated BDNF 
mRNA in the hippocampus, cerebellum and frontal neocortex versus non-exercised controls, 
with a positive correlation between BDNF elevation and distance run (Neeper, Gomez-Pinilla et 
al. 2006).   Rats allowed either daily or alternating daily access to running wheels exhibited 
hippocampal BDNF levels that continued to rise even after 90 days of activity and remained 
elevated for up to 1 week after ceasing exercise (Berchtold, Chinn et al. 2005).  When re-
introduced to running wheels after a period of inactivity, a normally sub-threshold exercise 
routine caused a rapid return of BDNF protein to peak levels previously noted, suggesting that 
exercise creates a molecular memory for BDNF induction (Berchtold, Chinn et al. 2005).   Eight 
weeks of swimming caused an elevation of BDNF in rats that returned to control levels after 6 
weeks of detraining (Radak, Toldy et al. 2006).  Thus, BDNF elevations appear to depend on 
continued exercise protocols. 

 
The effects of exercise-induced BDNF elevations have also been studied following brain 

injury.  After fluid percussion injury in rats, treadmill running increased hippocampal BDNF 
protein versus non-exercised controls bilaterally (Hicks, Boggs et al. 1998).  After a controlled 
cortical impact, rats with access to a voluntary running wheel post-injury exhibited increased 
BDNF in the ipsilateral hippocampus versus sedentary controls (contralateral hippocampus not 
studied) (Griesbach, Hovda et al. 2008).  Elevations in BDNF in the hippocampus ipsilateral to 
ischemic injury were equivalent in both exercised and sedentary rats, but a significant increase in 
BDNF levels in the contralateral hippocampus of only exercised rats was observed (Ploughman, 
Granter-Button et al. 2005).  The equivalent concentrations observed ipsilateral to the ischemic 
area may be the result of BDNF already being maximally elevated in the injured area, precluding 
further exercise-induced elevation (Ploughman, Granter-Button et al. 2005).  Since BDNF is 
thought to modulate neuronal survival and plasticity, this exercise-induced increase may lead to 
improved healing and functional recovery after injury.    

 
Aging, neurodegenerative diseases and chronic uncontrollable stress decrease BDNF 

protein (Mattson, Maudsley et al. 2004).  Previous studies have shown acute and repeated 
immobilization stress decrease hippocampal BDNF mRNA, likely due to the increase in cortisol 
seen with stress and its subsequent damaging effects in the hippocampus (Adlard and Cotman 
2004; Smith, Makino et al. 1995; Ueyama,Kawal et al. 1997; Nibuya, Takahashi et al. 1999).  
However, one week of voluntary wheel running before forced swimming prevented the down-
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regulation of hippocampal BDNF mRNA and improved behavioral measures of stress (Russo-
Neustadt, Beard et al. 1999).  Adlard et al showed that exercise alone increased hippocampal 
BDNF and stress alone decreased BDNF, but rats stressed after 3 weeks of voluntary running 
had BDNF mRNA concentrations significantly higher than control sedentary and stressed 
sedentary rats despite an elevated corticosterone level (Adlard and Cotman 2004).  Thus, 
exercise may protect against stress-induced decreases in BDNF.    

 
Human studies on BDNF are lacking due to the invasive procedures necessary to study 

the protein.  However, since increased levels of BDNF correspond to increased learning and 
hippocampal function, exercise-induced increases in BDNF may benefit patients suffering from 
neurodegenerative diseases. 
 
IGF-1 
 Insulin-like growth factor 1 (IGF-1) is a neurotrophic factor essential for nerve growth, 
neurotransmitter synthesis and neurotransmitter release (Radak, Kumagai et al. 2007).  IGF1 is 
mainly produced in the liver, but is also synthesized in the brain (Ploughman, Granter-Button et 
al. 2005).  IGF1 is believed to be functionally associated with BDNF and mediates glucose 
metabolism, tissue maintenance and insulin sensitivity (Cotman, Berchtold et al. 2007).   
  

Exercise increases peripheral IGF-1 expression, and brain uptake of blood-borne IGF1 
via the blood brain barrier (BBB) is essential for exercise-induced hippocampal neurogenesis 
(Carro, Trejo et al. 2001; Glasper, Llorens-Martin et al. 2009).  Peripheral IGF-1 increases 
within 1 h after exercise, and IGF-1 gene expression in hippocampal neurons has been shown to 
increase several days after exercise onset (Cotman, Berchtold et al. 2007; Dalsgaard, Ott et al. 
2004).  Adult rats exercised on a voluntary wheel for 5 days showed significantly increased 
hippocampal IGF-1 mRNA compared to sedentary controls (Ding, Vaynman et al. 2006).  
Blocking IGF-1 via a peripheral anti-IGF-1 antibody prevented the running-induced increase in 
spine density on basal dendrites of CA1 pyramidal cells typically seen after 2 weeks of treadmill 
running in mice (Glasper, Llorens-Martin et al. 2009).  Intra-hippocampal injection of anti-IGF1 
prevents enhancement of spatial recall, suggesting hippocampal impairment (Cotman, Berchtold 
et al. 2007).  Mice unable to produce IGF-1 from the liver with resultant low serum IGF-1 had 
reduced hippocampal neurogenesis and spatial learning deficits not improved by treadmill 
running, but administration of exogenous IGF-1 partially recovered the cognitive deficit and 
restored hippocampal neurogenesis (Trejo, Llorens-Martin et al. 2008).  These results suggest 
that IGF1 production from tissues other than the liver is not sufficient to induce hippocampal 
neurogenesis after exercise and that IGF-1 is essential for exercise-induced hippocampal 
neurogenesis (Trejo, Llorens-Martin et al. 2008).    
  

Exercise has been shown to ameliorate age- and injury- elated neuronal loss, and it is 
speculated that IGF-1 contributes to this phenomenon (Carro, Trejo et al. 2001).  Carro et al 
subjected mice to partial lesions modeling neurodegeneration in the hippocampus, inferior olive, 
or cerebellum (Carro, Trejo et al. 2001).  Mice exposed to voluntary running for 15d before 
partial hippocampal injury had unimpaired acquisition and retention scores in the water maze 
whereas sedentary mice were significantly impaired.  Rats with inferior olive injuries regained 
full motor coordination in the exercised group but sedentary mice remained ataxic.  Mice with 
cerebellar injuries and impaired motor coordination on the rotarod attained normal motor 
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performance after exercise training.  Anti-IGF1 administration abrogated all exercise-induced 
improvements and resulted in neuronal damage indistinguishable from sedentary controls in all 
groups, while exogenous administration of IGF1 produced similar effects as exercise (Carro, 
Trejo et al. 2001).  Fernandez et al observed similar results when mice rendered ataxic by 
deafferentation of the cerebellar cortex regained full motor function after IGF-1 administration 
(either intraventricular or subcutaneous) (Fernandez, Gonzalez et al. 1998).  Thus, IGF-1 appears 
to be an essential mediator in exercise-induced recovery from neurodegeneration. 
  

IGF-1 may exert its positive effects on brain health through a variety of ways.  Possible 
mechanisms of neuroprotection may include modulation of apoptosis- and neuritogenesis-related 
proteins, modulation of calcium homeostasis via calbindin induction, and enhanced neuronal 
glucose metabolism since increased glucose consumption is a typical response to brain injury 
(Carro, Trejo et al. 2001).  IGF-1 up-regulates glucose transporters and modulates glycolytic 
enzymes, further supporting its role in cerebral glucose metabolism (Carro, Trejo et al. 2001).  
Evidence suggests that IGF-1 mediates the effect of BDNF, since blocking IGF1 in vivo prevents 
induction of hippocampal BDNF in response to exercise and attenuates the exercise-dependent 
induction of synaptic proteins (Ding, Vaynman et al. 2006; Cotman, Berchtold et al. 2007).  
IGF1 increases neuronal levels of TrkB, the BDNF receptor, in hippocampal cultures thus 
increasing BDNF signaling (Cotman, Berchtold et al. 2007; McClusker, McCrea et al. 2006).  
Furthermore, peripheral IGF-1 infusion has been shown to qualitatively increase hippocampal 
BDNF staining (Ding, Vaynman et al. 2006; Carro, Trejo et al. 2001;  McClusker, McCrea et al. 
2006).  Though exogenous administration of IGF-1 in rodent models led to improved cognition 
and reduced neurodegeneration, translation to clinical medicine has been difficult because of 
studies linking increased serum IGF-1 to cancer risk (Carro, Trejo et al. 2001).   Thus, further 
research is required to determine exactly how IGF-1 mediates its neuroprotective effects to see if 
an effective and safe therapeutic target can be developed for humans. 
 
Angiogenic Growth Factors 
 Vascular endothelial growth factor (VEGF) and angiopoietin (1 and 2) are members of a 
family of angiogenic growth factors whose combined action is necessary to initiate the 
formation, maturation and stabilization of new blood vessels (Ding, Luan et al. 2004).  
Angiogenesis typically occurs early in development and is decreased in the adult brain under 
normal conditions (Ding, Luan et al. 2004).  It is generally accepted that the decrease in 
angiogenesis observed with aging is associated with decreased VEGF (Ding, Li et al. 2006).   
  

Exercise increases angiogenesis in rodent models, and VEGF appears to be required for 
hippocampal neurogenesis observed with exercise (Ding, Li et al. 2006; Fabel, Fabel et al. 2003; 
Cotman and Berchtold 2002).  Aged rats (22 months) subjected to treadmill running for 3 weeks 
exhibited elevated VEGF mRNA, VEGF protein, angiopoietin 1 mRNA and angiopoietin 2 
mRNA in the frontoparietal cortex and dorsolateral striatum (Ding, Li et al. 2006), demonstrating 
that exercise can reverse the age-related decline in angiogenic factor induction.  Young rats (3 
months) also had increased VEGF and angiopoietin 1 and 2 mRNA in the frontroparietal cortex 
and dorsolateral striatum after 3 weeks of treadmill running (Ding, Luan et al. 2004). This 
mRNA overexpression decreased after 3 weeks without exercise but the vascular density 
remained elevated (Ding, Luan et al. 2004).  Thus, exercise induced structural changes that 
persisted despite exercise cessation. 
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 Similar to results found for IGF-1, blocking peripheral VEGF induction attenuates the 
proliferation of hippocampal cells typically seen with exercise in rodents (Fabel, Fabel et al. 
2003; Cotman, Berchtold et al. 2007).  While blocking peripheral VEGF resulted in equivalent 
hippocampal neurogenesis between exercised and sedentary mice, it did not suppress 
neurogenesis below baseline, suggesting that peripheral VEGF may not be involved in the 
central constitutive regulation of hippocampal neurogenesis (Fabel, Fabel et al. 2003).   
  

The increase in angiogenic factors with exercise may be the result of hypoxia or glucose 
starvation (Ding, Li et al. 2006; Radak, Kumagai et al. 2007).  Angiogenesis results in increased 
blood flow and nutrient supply to stressed tissues.  The effects of VEGF on hippocampal 
neurogenesis may be directly related to VEGF-mediated signaling cascades and mitotic 
stimulation, or may be the effect of increased vascularization increasing nutrient and growth 
factor supply to the hippocampus (Fabel, Fabel et al. 2003).  Peripheral production of both IGF-1 
and VEGF increase with exercise and appear to be required for hippocampal neurogenesis.  
Whether these two growth factors respond to similar signals such as oxygen deprivation and 
hypoglycemia is unclear.   
 
ROS 
 Reactive oxygen species (ROS) are continuously generated during aerobic metabolism.  
While they are vital to normal cell processes such as proliferation, growth, signaling and 
apoptosis, they can also damage lipids, DNA and proteins if not properly regulated (Radak, 
Kumagai et al. 2007; Radak, Sasvari et al. 2001).  Reactive oxygen species are by-products of 
oxygen metabolism and include hydrogen peroxide, superoxide and hydroxyl radicals (Liu, Yeo 
et al. 2000).  Measuring reactive oxygen molecules can be difficult due to short half-lives, but 
their effects can be measured indirectly by determining lipid oxidation, DNA damage, and 
carbonylation of proteins (Mooren and Volker 2001).  Physiologic levels of ROS depend on cell 
type, age, and possibly the history of oxidative stress exposure but, in general, ROS levels 
increase with aging, injury and stress (Radak, Sasvari et al. 2001; Lima, Oliveira et al. 2009).  
The CNS is especially sensitive to ROS because the CNS contains high levels of iron, which 
interacts with hydrogen peroxide to generate highly reactive hydroxyl radicals (Radak, Kumagai 
et al. 2007; Forster, Dubey et al. 1996).   It appears that accumulation of oxidative damage is 
associated with impaired brain function (Radak, Toldy et al. 2006).   
  
 It is generally believed that acute exercise induces free radical formation but regular 
exercise causes adaptation of the cellular antioxidant system and results in decreased oxidative 
damage (Cechetti, Fochesatto et al. 2008).  Acute voluntary exercise in rats increases lipid 
peroxidation in the brain (Cechetti, Fochesatto et al. 2008).  One hour of swimming increased 
lipid peroxidation and glutathione peroxidase activity in rat brains (Radak, Kumagai et al. 2007).  
However, eight weeks of swimming led to decreased brain free radicals that correlated with 
improved performance in a passive avoidance test in rats (Radak, Toldy et al. 2006).  Free 
radical concentration reduction in the cerebellum persisted, but levels from other areas and 
performance in the passive avoidance test returned to non-exercised baseline values eight weeks 
after training stopped (Radak, Toldy et al. 2006).  Nine weeks of swimming in both old and 
young rats led to significant decreases in brain protein carbonyl levels, indicating that exercise 
can reverse free radical accumulation associated with aging (Radak, Kaneko et al. 2001).  
Lifelong exercise (94 weeks) on a running wheel reduced DNA and lipid oxidation in rats, and 
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even 3 months of exercise initiated at 18 months of age reduced lipid oxidation indicating that 
exercise initiation late in life is still beneficial (Cui, Hofer et al. 2009).   Somani et al found 
increased levels of antioxidant enzymes glutathione peroxidase, superoxide dismutase and 
catalase in the brains of exercised rats (Somani , Ravi et al. 1995; Somani and Husain 1996).  
Since exercise continually generates free radicals due to increased oxygen consumption, it may 
be that exercise exerts its beneficial effects by up-regulating antioxidants. 

 
Exercise also appears to reduce oxidative damage after brain injury and immobilization 

stress.  Voluntary exercise on a running wheel significantly decreased hippocampal carbonyl 
groups in rats after cortical controlled impact compared to sedentary controls (Griesbach, Hovda 
et al. 2008).   Physical training before a fluid percussion injury (FPI) in rats protected against 
FPI-induced protein carbonylation and DNA damage as evidenced by decreased thiobarbituric 
acid-reactive substances (TBARS) in the cortex (Lima, Oliveira et al. 2009).  Like TBI, 
immobilization stress also increases oxidative damage in the hippocampus and impairs 
performance in passive avoidance and open field tests in rats (Radak, Sasvari et al. 2001).  
However, swimming after immobilization decreased the oxidative damage of lipids, proteins and 
nuclear DNA compared to non-exercised immobilized controls and improved performance on 
behavioral tests (Radak, Sasvari et al. 2001).   

 
While the above studies support the hypothesis that regular exercise decreases oxidative 

damage in the brain, some studies have shown no effect.  Cechetti et al studied rats after 2 weeks 
of treadmill running and found no change in free radical levels, TBARS, or lipid oxidation in the 
hippocampus (Cechetti, Fochesatto et al. 2008).   Ogonovsky studied rats subjected to moderate-, 
strenuous- and over-training swimming routines for 8 weeks and observed no change total brain 
oxidative damage of lipids and DNA (Ogonovsky, Berkes et al. 2005).  However, there was a 
significant decrease in reactive carbonyl derivatives indicating decreased protein damage in the 
strenuous- and over-trained groups and an increase of proteasome complex in over-trained rats 
(Ogonovsky, Berkes et al. 2005).  Liu et al studied oxidative damage in rat brain and central 
mitochondria after both 8 weeks of treadmill running and one episode of treadmill running to 
exhaustion (Liu, Yeo et al. 2000).  Lipid peroxidation and carbonyl levels in the brain positively 
correlated with acute exercise, but there was no significant increase.  Chronic exercise did not 
decrease carbonyl levels or DNA damage as seen with previous studies, but chronic exercise did 
significantly decrease lipid peroxidation.  Chronic exercise also increased ascorbic acid and 
cysteine in the mitochondria, which act in anti-oxidant capacities and may contribute to the 
decreased lipid peroxidation observed (Liu, Yeo et al. 2000).  Somani et al studied the effects of 
exercise on anti-oxidant properties of various brain portions, and found that regional variations 
observed in sedentary controls were enhanced with exercise (Somani, Ravi et al. 1995).  
Particularly, brain stem and corpus striatum appear to significantly up-regulate anti-oxidant 
enzymes in response to exercise whereas cortex and hippocampus are less affected (Somani, 
Ravi et al. 1995). Thus, the studies in which no changes were observed may be due to studying 
entire brain homogenates rather than specific portions.  Additionally, these studies indicate that a 
certain intensity of exercise may be required to achieve oxidative protection and that brain 
mitochondria, with their active oxygen consumption and unique enzymatic environment, may 
respond differently to exercise-induced neuroprotection than the rest of the brain.     
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CONCLUSION 
 

Exercise promotes a healthy lifestyle and may contribute to improved neuronal viability 
via its modulation of the inflammatory cascade.  Generally, regular exercise appears to decrease 
circulating pro-inflammatory cytokines such as IL-1β and IL-6 while increasing anti-
inflammatory IL-10.  While exercise increases pro-inflammatory TNF-α, the gradual increase 
observed with regular exercise seems to provide protection against ischemic insults.  
Additionally, exercise increases growth factors BDNF, IGF-1 and VEGF while decreasing 
oxidative damage from ROS.  These combined effects of exercise have been shown to decrease 
infarct size after ischemia, decrease performance degradation after TBI and protect against 
neurodegenerative processes.   

 
Several questions remain to be answered regarding the specific effects and interaction of 

the mediators of the inflammatory cascade.  For example, it is still unclear what intensity and 
type of exercise leads to the optimum concentrations of growth factors, cytokines and ROS and 
whether too much exercise is harmful.  Environmental enrichment has recently been shown to 
have positive effects on neurological processes and inflammatory mediators, and it may be that 
the combination of exercise and cognitive enrichment is synergistic and better than exercise 
alone.  Additionally, there are a variety of other cytokines and growth factors (NGF, FGF, etc) 
that are less well studied and perhaps unknown that may be crucial in mediating the positive 
effects of exercise.  Few studies examined the duration of change in inflammatory mediator 
levels after exercise cessation but it remains unclear whether permanent changes can be observed 
despite exercise cessation and, if so, how much exercise is required.   Prophylactic exercise is 
difficult to initiate in human populations because it is unknown if and when a brain injury will 
occur, but evidence of lasting effects after finite exercise regimes may benefit at-risk populations 
(Lima, Oliveira et al. 2009).  Overall, abundant evidence exists that exercise promotes both 
general and brain health, and it is crucial to elucidate specific pathways and interactions so that 
possible pharmacologic targets for neurologic conditions may be developed. 
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